The preparation of hybrid organic-inorganic membrane materials based on a sulphonated polyamideimide resin and silica filler has been studied. The method allows the sol-gel process to proceed in the presence of a high molecular weight polyamideimide, resulting in well dispersed silica nanoparticles (<50nm) within the polymer matrix with chemical bonding between the organic and inorganic phases.
Introduction
Over recent years, the nanostructured organic-inorganic hybrid materials have received great attention as membrane materials due to the extraordinary properties of the hybrid materials. The hybrid nanostructured materials combine both the attractive properties of a mechanical and thermally stable inorganic phase and the specific chemical reactivity and flexibility of the organic phase [1] [2] [3] . The sol-gel process is one of the most efficient methods for the preparation of hybrid organic-inorganic materials by providing either specific molecular interactions or covalent linkages between phases. The advantage of the sol-gel technique for preparing hybrid materials is the low reaction temperature required (e.g. room temperature) which enables the incorporation of inorganic elements into organic materials without deterioration of their functionality [4] [5] [6] [7] [8] . The sol-gel method consists of an initial hydrolysis reaction and a subsequent condensation and then removal of the solvents, resulting in formation of a three-dimensional metal oxide network. These reactions are typically catalysed by an acid or a base and occur concurrently. Variables such as the alkoxide structure, the pH of the reaction medium, the type of solvent, the ratio of water and catalyst to the alkoxide, the reaction temperature and pressure, and the overall concentration of reactants all contribute to the final morphology and properties [8] [9] [10] [11] .
Under acid conditions, the hydrolysis reaction is more rapid than condensation reactions. As a result, acid-catalysted systems tend to consist of linear or random branches. On the other hand, base-catalysed systems tend to have highly branched non-interpenetrating clusters [12] .
Most of the properties of hybrid materials are dependent on their structural and chemical composition as well as the dynamic properties inside the hybrid. A conglomerate of rigid oriented polyimide structures with a definite polarization, as well as the possibility of their interaction with the surrounding substrates via hydrogen bonds and other weak short-range forces, gives polyimides undisputable advantages over other polymers, and their unique chemical stability considerably extends the possibility of using these polymers for the treatment and desalination of water. However, the hydrophobicity of polyimides renders them susceptible to fouling by natural organic compounds in water treatment applications. This problem can be solved on the macromolecular level if methods are available for preparing structures with a hydrophilic component and a reliable rigid backbone segment. These provide, in turn, interchain packing with a very narrow free volume distribution [13] [14] [15] .
In this study, a high molecular weight polyamideimide with a hydrophilic component (-SO 3 H) was used as the raw polymer matrix material for the synthesis of the hybrid polyamideimide/silica materials. It was synthesized by direct polymerization using a diimide-dicarboxylic acid and sulphonated diamine monomers. There are two main reasons that we chose sulphonated polyamideimide. Firstly, aromatic polyamideimide bring together both high thermal stability and high permeability and permselectivity characteristics of polyimides and superior mechanical properties of polyamides. In particular, the polyamide unit can facilitate hydrogen bonding to other components having either a proton donor or a proton acceptor group [12, 15] . Secondly, both amide and sulphonating groups help to improve the hydrophilic properties of the hybrid materials, which is essential for this material to be used for water separation application.
One of the key issues for preparing a polymeric-inorganic hybrid material is the dispersion of the inorganic nanoparticles in the polymer matrix uniformly while aggregation is avoided. In the majority of previous studies, the inorganic phase is not covalently coupled to the polymer phase, and in many cases, aggregation of particles occurs. The influence of the interaction between the polymer and the inorganic component on the morphology of the hybrids is the primary concern. The aim of this study is to develop a highly dispersed homogeneous material of organic and inorganic phases on a nano-scale which could be potentially used for water separation membrane applications. 
Experimental methods

Synthesis of the sulphonated polyamideimide using monomers 2,5-DABS and the diimide dicarboxylic acid.
The diimide dicarboxylic acid described in Section 2.2.1 (TMA: TPE-R: TMA) (4.48g, 7.0 mmol) was dissolved in dry NMP (80ml). 2,5-DABS (90%, 1.4g, 7.7 mmole), dry triethylamine (2.0 ml), calcium chloride (3.0g, 27.0 mmol), triphenyl phosphite (7.0 ml), and dry pyridine (7.0ml) were added to the solution and refluxed over 4 h. The product was precipitated by pouring into a stirring solution of methanol (400 ml) and collected by filtration. The product was washed with hot water (2 x 200 ml), methanol (200 ml) and then stirred with 1.0N hydrochloric acid (50ml) at room temperature overnight. Finally the yellow solid product was collected by filtration and dried under vacuum at 50-60°C overnight and at 140-150°C over 12h (5.2g, 93% yield 
Synthesis of the polyamideimide/SiO 2 hybrid materials
The synthesis procedure for the polyamideimide/silica hybrid film is shown in Figure   2 . At first, the sulphonated polyamideimide was dissolved in 1 
Results and discussion
Structure of sulphonated polyamideimide
The synthesis of the sulphonated polyamideimide is a two-step process as shown in 
Structure of hybrid films
The proposed reaction scheme for synthesis of sulphonated polyamideimide/silica hybrid materials is shown in Figure 6 . The sol-gel reaction was carried out in the NMP or DMSO solution with HCl as a catalyst. The sulphonated polyamideimide was firstly functionalised with the APTrEOS to create covalent bonds between the polyamideimide chain and the silica network. The end product consisted of organosilicate domains covalently bonded to a polyamideimide matrix, with the silane being introduced either as side groups or as part of the crosslinked structure. In the reaction, APTrEOS was acting as a coupling agent. The amine group of APTrEOS opens the cyclic imide unit via nucleophilic attack on the carbonyl carbon [22] . This results in two amide bonds being formed, one to the silane moiety and one in the polymer backbone. Furthermore, the presence of the pendant APTrEOS groups on the functionalised polyamideimide facilitates chemical bonding with the hydrolysed TEOS sol via condensation reactions.
The structural feature of the hybrid films was confirmed by the FTIR spectroscopy. are attributed to the Si-O-Si inorganic networks [21] . The peak intensity at 960 cm -1 is attributed to the Si-OH group which was formed from the hydrolysis of TEOS. These spectral changes indicate that the chemical bonding between the organic and inorganic phases was successfully achieved by the sol-gel reaction. 
Contact angle analysis
Hydrophilicity can be measured as the contact angle between the membrane surface and a drop of water placed on the surface of the membrane. Table 1 lists the water contact angles of hybrid polyamideimide/SiO 2 membranes. It was found the hydrophilicity of hybrid materials has been significantly improved when compared with the control sulphonated polyamideimide sample. This increase could be due to the hydrogen bonding of water to silanol groups that resulted from hydrolysis and condensation of TEOS. 
Thermal properties
The thermal properties of the hybrid films were studied by TGA and DSC. Figure 8 shows ). There was no significant weight loss with the temperature up to 290°C. With incorporation of silica particles, both 5% and 10% weight loss properties were improved when compared with the pure polyamideimide sample. The residue weight increased with increasing silica content, indicating a general increase of the thermal stability. The increase in residue weight in the hybrid films was believed mainly due to the formation of silica. However, it was noted that the residue weight gain of the hybrid films from TGA analysis was lower than the theoretical silica content. This could be due to the fact that some of un-reacted TEOS were lost through vaporisation during the drying and heating stage. Similar finding was also reported by
Yang et al. [23] .
The enhancing effect of silica on the thermal stability of hybrid materials is also confirmed by the increase of T g . The pure polyamideimide exhibited a T g value of
194°C
. With the introduction of silica, the T g increased to 221°C when the silica content was 7 wt% and then to 234°C when the silica content was further increased to 15 wt% (Table 2 ). This could be explained by the tightness of the hybrid films. The incorporation of silica into the polymer matrix decreases the flexibility of the polymer chain and hence increases the T g s of the hybrid. 
Morphology
The surface morphology of the sulphonated polyamideimide/silica hybrid films was studied by SEM, with the results shown in Figure 9 . It was found that the silica nanoparticles were well dispersed in the organic continuous phase. With the addition of APTrEOS (Figure 9-a) , no silica particles greater than 50 nm or agglomeration could be observed in the SEM image. However, in the absence of APTrEOS ( Figure   9 -b), the silica particles were found in the range of 400-600 nm and spherical. This indicates that addition of APTrEOS promotes the formation of the organic-inorganic structure with the nano inorganic particles inter-perpetrating the polymer matrix.
To confirm the existence of silica in the hybrid film samples, energy dispersive X-ray spectrometry (EDS) experiments were also performed in SEM for two film samples with or without APTrEOS. For the sample with APTrEOS, EDAX analysis was conducted in a randomly selected area. In the case of the sample without APTrEOS, EDAX analysis was conducted on the observed particles. For both samples, a clear silicon signal was observed in the EDS spectra (Fig. 9) , confirming the formation of silica. In addition, the Si signal does not dominate spectrum, indicating the silica has not phase separated from the surface of the film. The optical appearance is a convenient way to judge the dispersing status of the inorganic phase in the polymer matrix for polymeric/inorganic composites.
Transparency of the composite is a good indication that the inorganic phase in a polymer matrix is dispersed at the nano-scale. The introduction of chemical bonding between the polyamideimide and silica is believed to improve their compatibility and consequently the optical properties. To illustrate this, two film samples with identical silica content (15 wt% SiO 2 ) were prepared with or without APTrEOS bonding. It was observed the hybrid film sample with APTrEOS bonding appeared more transparent than the one without. This is because the coupling agent APTrEOS provided a link between the inorganic domains and the polymer matrix, and subsequently reduced the phase separation and led to smaller silica particles. Therefore, the sample appeared to be more transparent. The transparency feature of hybrid film sample provides additional evidence that the silica particles dispersed in the polymer matrix were at the nano-scale level.
Conclusions
In this work, a synthesis route for the fabrication of hybrid organic-inorganic materials based on sulphonated polyamideimide and silica via a sol-gel process was developed. A high molecular weight sulphonated polyamideimide synthesised via a two step process was used as the starting polymer and the silica was derived from two alkoxysilanes, APTrEOS and TEOS. The APTrEOS was found to provide bonding and improve the compatibility between the polyamideimide phase and the silica network. Highly homogeneous hybrid polyamideimide-silica films can be fabricated with well dispersed silica particles in the polymer matrix and chemical bonding between the organic and inorganic phases. The silica particles in the hybrid films were found to be less than 50 nm, resulting in improved optical properties of hybrid materials. The thermal stability and hydrophilic properties of hybrid materials were also improved with the incorporation of the silica nanoparticles.
